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Abstract 

Background and Purpose: Liver dysfunction led hyperammonemia (HA) causes a nervous system disorder; hepatic 
encephalopathy (HE). In the brain, ammonia induced glutamate-excitotoxicity and oxidative stress are considered to play 
important roles in the pathogenesis of HE. The brain ammonia metabolism and antioxidant enzymes constitute the main 
components of this mechanism; however, need to be defined in a suitable animal model. This study was aimed to examine 
this aspect in the rats with acute liver failure (ALF). 

Methods: ALF in the rats was induced by intraperitoneal administration of 300 mg thioacetamide/Kg. b.w up to 2 days. 
Glutamine synthetase (GS) and glutaminase (GA), the two brain ammonia metabolizing enzymes vis a vis ammonia and 
glutamate levels and profiles of all the antioxidant enzymes vis a vis oxidative stress markers were measured in the cerebral 
cortex and cerebellum of the control and the ALF rats. 

Results:lhe ALF rats showed significantly increased levels of ammonia in the blood (HA) but little changes in the cortex and 
cerebellum. This was consistent with the activation of the GS-GA cycle and static levels of glutamate in these brain regions. 
However, significantly increased levels of lipid peroxidation and protein carbonyl contents were consistent with the reduced 
levels of all the antioxidant enzymes in both the brain regions of these ALF rats. 

Conclusion: MS activates the GS-GA cycle to metabolize excess ammonia and thereby, maintains static levels of ammonia 
and glutamate in the cerebral cortex and cerebellum. Moreover, ALF induces oxidative stress by reducing the levels of all 
the antioxidant enzymes which is likely to play important role, independent of glutamate levels, in the pathogenesis of 
acute HE. 
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Introduction 

Hepatic encephalopathy (HE) is a neurological disorder found 
in patients with acute and chronic liver failure. On the basis of the 
underlying hepatic abnormalities, three types of HE have been 
categorized, type A: encephalopathy associated with the acute Kver 
failure (ALF), type B: associated with the portal-systemic bypass 
but with no intrinsic hepatocellular disease and type C: associated 
with the cirrhosis and portal hypertension/or portal-systemic 
shunts [1]. There is a general agreement that increasing 
concentration of ammonia in the brain acts as the main 
pathogenic factor for all types of HE [2]. The increased brain 
ammonia is speculated to create imbalance of glutamate and gama 
amino butyric acid (GABA) neurotransmitter functions and to 
produce neuropsychiatric abnormalities in the HE patients [3,4]. 



At downstream to imbalanced neurotransmission functions, 
oxidative stress is speculated to play major roles in cerebral 
ammonia toxicity and thus, ammonia-glutamate-excitotoxicity- 
oxidative stress pathway has been focused much to understand HE 
pathogenesis [3,5] . It has been proposed that increased ammonia 
level in the brain initially affects astrocytes biochemistry followed 
by inducing oxidative stress not only in the astrocytes but in the 
neurons also [6] . The increased production of reactive oxygen and 
nitrogen oxide species (ROS/RNOS) in the brain cells, in turn, is 
likely to amplify the neuronal derangements associated with the 
HE pathogenesis [6]. We have also reported that elevated brain 
ammonia level, in a pure hyperammonemic (with normal liver 
function) rat model correlates well with the increased oxidative 
stress vis a vis declined antioxidant enzymes in cerebral cortex and 
cerebellum of those rats [7] . Moreover, in most of these studies. 
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the role of alterations in brain ammonia metabolism has been 
ignored while deriving a correlation between brain ammonia vis a 
vis glutamate levels, neuro-excitotoxicity and oxidative stress [8] . 

Normally, ammonia is produced in small intestine by the 
colonic bacteria and by deamrnation of glutamrne [5]. After 
absorption, ammonia follows a first-pass effect to reach the liver 
where it is detoxified by the urea cycle enzymes to produce urea. 
Due to compromised urea cycle during liver failure condition, 
ammonia level gets elevated in the blood causing hyperammone- 
mia (HA) [3], Since, ammonia crosses the blood brain barrier 
easily; it reaches the brain without hindrance. There is no effective 
urea cycle in the brain. However, brain cells operate glutamine- 
glutamate cycle which is catalyzed by glutamrne synthetase (GS) 
and glutaminase (GA) found in the astrocytes and neurons 
respectively [9]. The glutamine produced by the astrocytic GS 
enters into the adjacent neurons where it is converted into 
glutamate by GA [10]. It is argued that during liver failure, this 
cycle in the brain gets overloaded resulting into excessive 
ammonia/glutamate trafficking. This may result into astrocytes 
swelling, characterized as Alzheimer Type II astrocytosis, which is 
considered as one of the hall marks of the chronic type HE [3,1 1]. 
There are some reports on decline of GS level in the astrocytes 
exposed to HA in vitro and in the brain of the animals administered 
with high concentration of the ammonium salts [3,6,12]. Though 
some findings independently suggest alterations in GA levels and 
oxidative stress markers in the brain during chronic HE [13,14], 
the association between GS-GA cycle and oxidative stress in the 
brain of a true liver failure HE model remains undefined. 

The brain is one of the most vulnerable organs with regard to 
the oxidative stress because of its high oxygen demand and 
abundance of polyunsaturated fatty acid enriched myelinated 
nerve fibers [1,5]. To get rid of ROS insult, the brain has robust 
network of antioxidant defense system wherein, antioxidant 
enzymes play important roles. Amongst them, superoxide 
dismutase (SOD) and catalase scavenge O^' to produce H2O 
and Og. On the other hand, SOD, glutathione peroxidase (GPx) 
and glutathione reductase (GR) channel O2' in a nicotinamide 
adenine dinucl(X)tid<; phosphate (NADPH) dependent pathway to 
maintain reducx'd glutathione (GSH)/ oxidized glutathione (GSSG) 
ratio. Together, the syn[:hronized aclivities of all these' antioxidant 
enzymes play important roles in protecting brain cells from the 
oxidative damage [7]. 

We have reported that acute HA led increased ammonia in the 
brain declines most of the antioxidant enzymes and thereby 
induces oxidative stress in the hyperammonemic brain [7]. The 
oxidative stress of similar intensity could be observed in the brain 
of the thioacetamide (TAA) inducxd true ALF rats also, however, 
with static levels of ammonia and glutamate (data of the present 
article). This hinted towards induction of oxidative stress even 
when brain is able to prevent glutamate elevation during ALF. In 
order to understand biochemical mechanism of such cerebral 
changes, we have investigated the concordant profiles of ammonia 
metabolizing enzymes (GS and GA) vis a vis ammonia and 
glutamate levels and antioxidant enzymes vis a vis ROS level in 
cerebral cortex and cerebellum of the TAA induced ALF rats. 

Materials and Methods 

Animals and Chemicals 

Adult male albino rats weighing 200-220 g were used in this 
study. Rats were fed with the recommended diet and maintained 
at standard conditions in an animal house. The use of animals for 
the present study was approved by the institutional animal care 
and use committee (lACUC); Animal ethical committee of the 



Banaras Hindu University, Varanasi (Ref No. Dean/2006/07/ 
805). 

Chemicals used were of analytical grade supphed by the E- 
Merck, SRL and Glaxo (INDIA). Acrylamide, .AvV'-methylene bis 
acrylamide, Coomassie Brilliant Blue R-250 (CBB), N,N,N'N'- 
tetramethylethylenediamine (TEMED), phenyl methyl sulphonyl 
fluoride (PMSF), Ammonia, glutamate and glutamine assay kits 
were purchased from Sigma-Aldrich, USA. GOT (glutamate 
oxalate transaminase) and GPT (glutamate pyruvate transaminase) 
assay kits were obtained from Span Diagnostics Ltd., India. 

Induction of Acute Liver Failure 

ALF in rats was induced by intraperitoneal administration of 
300 mg TAA/Kg b.w. prepared in 0.9% NaCl, to 5-7 rats once 
daily up to two days as described earher [16]. Control rats were 
administered with the same volume of 0.9% NaCl. To minimize 
weight loss, hypoglycemia and renal failure in the experimental 
rats, 5% dextrose solution containing 0.45% NaCl and 20 meq/L 
potassium chloride was given through drinking water as supportive 
therapy to all the rats [17]. 

Liver Histology 

Liver histology was performed as described earlier from our lab 
[17]. In brief, the liver tissue from control and experimental rats 
was excised, sliced into 0.3-0.5 cm blocks and fixed in Bouin's 
solution for 18-24 h. Tissue blocks were transferred to 70"/a 
ethanol, processed for alcoholic dehydration and embedded in 
paraflin. Liver sections (6 (im) were cut followed by hematoxylin - 
eosrn (H-E) staining and examined under microscope. 

Preparation of Tissue Extracts 

Mitochondria free cerebral cortex and cerebellar extracts were 
prepared in an extraction medium consisted of 400 mM sucrose, 
1 mM EDTA, 0.2 mM benzamidine, 0.1 mM PMSF (pH 7.4) 
and 0.02% heparin. Extracts were centrrfuged at 12,000 g for 
15 min and then at 19,000 g for 30 mrn at 4°C to obtain cytosohc 
fractions. 

Biochemical Estimations 

As described previously [4,16], sGOT (EC 2.6.1.1), sGPT (EC 
2.6.1.2), ammonia and glutamate were assayed in the serum from 
the pooled blood from 4—5 rats and/or in the brain tissue from 
each group following the procedure mentioned in the kits supphed 
by Sigma-Aldrich, USA. Protein content was determined by 
Lowry method. 

Serum profiles of lactate dehydrogenase (LDH; EC 1.1. 1.2 7) 
isozymes were studied using non-denaturing polyacrylamide gel 
electrophoresis (native PAGE). Serum containing 10 Hg protein 
was loaded in each lane of 7.5% gel and electrophoresis was 
performed under non denaturing conditions at 4±2°C. The gels, 
after electrophoresis, were stained in LDH activity staining 
mixture as reported earlier [17]. 

Level of malondialdehyde (MDA), the product of lipid 
peroxidation, was determined as described previously [7]. The 
total glutathione (GSH+GSSG) was measured following the 
method of Sedlak and Raymond [18]. 

The protein carbonyl content was determined as describe 
previously [19]. Briefly, sample was incubated with streptomycin 
sulfate solution (1%) for 15 min. The mixture was centrifuged at 
3600 g. The supernatant obtained was incubated with either 
10 mM DNPH in 2 M HCl or with only 2 M HCl (blank) for 1 h 
at room temperature. Protein was precipitated by adding an equal 
volume of 20% TCA. After centrifugation (8600 g), the pellet was 
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washed thrice with ethanol: ethyl acetate (1:1) mixture for 
removing excesses of DNPH. The precipitate was re-dissolved in 
6 M guanidine HCl and O.D. was recorded at 370 nm. Carbonyl 
content was calculated using (s) = 22 mM ' cm ' mg ' protein. 

GS 

GS (EC 6.3.1.2.) activity was measured by monitoring the y- 
glutamyl transferase reaction as described previously [20] with 
some modifications. Briefly, the reaction mixture contained 
20 mM imidazole-HCl buffer (pH 7.2), 50 mM L-glutamine, 
60 mM hydroxylamine-HCl (pH 7.0), 2 mM MnClj, 20 mM 
Na-arsenate, and 0.4 mM ADP in a final volume of 2 mL. The 
Hmoles of y-glutamyl hydroxamate formed after 15 min at 35°C 
was determined by recording A54() after addition of 0.5 mL 
solution containing 12% TCA, 6.7% FeCls and 0.5 N HCl. A 
standard curve was constructed against different concentrations of 
y-glutamyl hydroxamate. One unit of the enzyme was defined as 1 
|tmole of y-glutamyl hydroxamate/ min. 

GA 

GA (EC 3.5.1.2) catalyzes conversion of glutamine into 
glutamate. For assay of GA, this reaction was coupled with 
glutamate dehydrogenase (GDH) catalyzed production of 2- 
oxoglutarate following the method reported by Jeon et al [21]. 

The initial solution (0.1 mL of 2% L- glutamine and 0.2 mL of 
100 mM Tris - HCl bufier; pH 7.5) was pre-incubated at 37°C for 
5 min. The reaction was started by addition of 0.1 mL tissue 
extract and continued up to 10 min at 37' C. To stop the reaction, 
reaction mixture was boiled for 3 min and centrifuged at 8,000 g 
for 5 min. An aliquot of 50 nL from the supernatant was added to 
a reaction mixture containing 1 mL of hydroxylamine buffer 
(0.25 M hydroxylamine and 20 mM EDTA, pH 8.0), 0.5 mL 
10 mM NAD"^, 1 mL distilled water and 20 U GDH. After 
30 min incubation at 37°C, O.D. was recorded at 340 nm. One 
unit of GA was defined as 1 |tmol NADH produced/min at 37°C. 

Assay of SOD, Catalase, GPx and GR 

As reported earlier [7,17], SOD (EC: 1.15.1.1) activity was 
measured by recording inhibition of nitroblue tetrazolium (NBT) 
reduction in a NADH-Phenazonium Methosulphate (PMS)-NBT 
reaction system. The unit of SOD was defined as 50% inhibition 
of NBT reduction/ min. 

Catalase (EC: 1.11.1.6) was assayed by using a reaction mixture 
containing 0.01 M potassium phosphate buffer (pH 7.0) and 
0.1 mL tissue extract [7]. Reaction was started by addition of 
0.8 M H2O2 and stopped after 60 s by 2 mL dichromate acetic 
acid reagent. AH the tubes were incubated in a boihng water bath 
for 10 min. The tubes were brought to the room temperature and 
absorbance was recorded at 570 nm. After comparing the data 
with a standard plot, constructed using a range of 10 - 160 (Xmoles 
of H202_ catalase activity was expressed as ^moles of H2O2 
consumed/ min/ mg protein. 

GPx (EC: 1.1 1.1.9) activity was determined by monitoring the 
GR coupled reaction pathway wherein, GSSG, produced by GPx 
using GSH, is reduced back to GSH by coupling with NADPH 
oxidation in the presence of GR. Thus, the rate of NADPH 
oxidation was monitored at 340 nm (G 6.22 mM -cm ) in a 
reaction mixture consisted of 0.3 mM NADPH, 0.17 mM GSH, 
50 mM phosphate buffer (pH 7.3), 0.5 mM HgOg, 20 |xM sodium 
azide and 0.2 unit/mL GR [17]. Reaction was started by addition 
of the cytosohc fractions containing 0.3-0.5 mg protein. The unit 
of the enzyme was defined as nmol NADPH oxidized/ min. 



The reaction mixture used for the assay of GR (EC: 1.6.4.2) was 
same as reported previously [7,17] and unit of the enzyme was 
defined as nmol NADPH oxidized/ min. 

Native PAGE for SOD, Catalase, GPx and GR 

SOD was separated by electrophoresis of the extracts containing 
60 (ig protein on 12% native PAGE. After electrophoresis, gels 
were incubated with 2.3 mM NBT, 28 \iM riboflavin and 28 mM 
TEMED for 20 min in dark. After exposure of the gels under 
fluorescent light, achromatic SOD bands appeared against a dark 
blue background. 

For catalase, tissue extracts containing 60 \lg protein were 
electrophoresed on 8% PAGE. Gels were soaked for 10 min in 
0.003% H2O2 and then incubated in a staining mixture consisting 
of 2"/() potassium ferricyanide and 2% ferric chloride. Achromatic 
catalase bands appeared against a blue-green background. 

For GPx, after electrophoresis of 60 |ig protein on 10% native 
PAGE, gels were incubated in 50 mM Tris-HCl bufier (pH 7.9) 
containing 13 mM GSH and 0.004% H2O2 for 20 min Gels were 
finally stained with 1.2 mM NBT and 1.6 mM PMS. Achromatic 
GPx bands appeared against a violet-blue background. 

The level of active GR was determined following the method of 
Wen-Chi Hou et al. [22] with some modifications. After 10% 
native PAGE of 60 \lg protein in each lane, gels were incubated 
with 50 mM Tris-HCl (pH 7.9) containing 4 mM GSSG, 1.5 mM 
NADPH and 2 mM 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB) 
for 20 min. Gels were stained in a GR activity stain mixture 
containing 1.2 mM NBT and 1.6 mM PMS for 10 min in dark. 
The achromatic active GR bands appeared against a purple-bluish 
background. 

The intensity of bands in each case was quantified by gel 
densitometry using alphaimager 2200 gel documentation software. 
Specificity of the PAGE analyzed enzymatic bands was confirmed 
by obtaining a negative result with the similarly run gels stained in 
the corresponding activity stain mixtures but minus substrates of 
the concerned enzymes. 

Statistical Analysis 

For two group comparisons, unpaired Student's t test was 
performed. The data have been expressed as mean ± SD. The 
probability of p<0.05 was taken as significant difierence between 
the two groups. 

Results 

Induction of Acute Liver Failure 

TAA is considered as an appropriate hepatotoxin to produce 
hver failure model of HE [23]. Based on the pilot experiments, we 
used 300 mg/Kg b.w of TAA to induce ALF in the rats. 
According to Fig-IA, many hepatocytes show classical centrilob- 
ular necrosis with infiltration of neutrophils and mononuclear 
lymphocytes in liver section of the TAA treated rats. Serum LDH 
profile is an important marker to ascertain in vivo tissue damage. 
Liver expresses M subunit dominating LDH isozymes (M4, M3H, 
M2H2). Fig-IB shows significantly increased levels of M3H and 
M2H2- LDH in serum of the TAA treated rats (Fig- IB) and thus, 
further confirmed significant liver cell damage in these rats. 

The increased levels of sGOT and sGPT are used as markers to 
ascertain difierent grades of liver failure. As compared to the 
control rats, ~14— 15 fold increase in sGOT and ~ 3-4 fold 
increase in sGPT were observed in serum of the TAA treated rats 
(Table- 1). 

The metabolic insufficiency of hepatic cells, with respect to 
mobilization of ammonia, was confirmed by a significantly 
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Control 



ALF 




Control ALF 




Serum LDH 



Figure 1. TAA induces severe hepatic cell damage in the rats. (A) Light micrographs of hematoxylin - eosin stained liver sections from control 
(a and b) and TAA treated (c and d) rats wherein, a and c are photomicrographs at lOx and b and d at 40x magnifications. Arrow heads show 
centrilobular necrosis in the liver cells. Cells with small nuclear stains indicate infiltration of neutrophils and mononuclear lymphocytes. In B, pooled 
serum from 4-5 rats containing 10 |ig protein in each lane was electrophoresed on 7.5% non-denaturing PAGE followed by substrate specific 
development of LDH bands. The gel photograph is a representative of 4 PAGE repeats. 
doi:10.1371/journal.pone.0095855.g001 



increased ammonia level (~ 2.3 fold; p<0.01) in serum of tlie 
TAA treated rats (Table-1). Taking together, tliese results 
suggested TAA induced acute liver failure in the rats .showing 
enhanced serum ammonia concentration similar to that found in 
the acute type HE patients. 

Neurochemical Studies in Cerebral Cortex and 
Cerebellum of ALF Rats 

Level of ammonia and glutamate. Ammonia and gluta- 
mate levels were observed to be unchanged in both, cerebral 
cortex and cerebellum of the ALF rats (Table-2). 

Activities of GS and GA. GS and GA regulate ammonia 
metabolism in the brain cells. According to Fig-2, as compared to 
the control rats, GS (Fig-2A) and GA (Fig-2B) activities are 
increased significantly (p<0.05) in both, cerebral cortex and 
cerebellum of the ALF rats and thereby, suggesting activation of 
GS-GA cycle in brain of the ALF rats. 

Level of oxidative stress parameters. Measuring MDA 
level (a stable product of lipid peroxidation) and protein carbonyl 
content (marker of protein oxidation) are the two useful tools for 
measuring oxidative damage at cellular level. According to Table- 
3, as compared to the control rats, the ALF rats showed significant 
increase in the MDA level in cerebral cortex (1.8 fold; p<0.05) 
and cerebellum (1.4 fold; p<0.05). Similarly, protein carbonyl 
content was increased ~1.7 fold in cerebral cortex and ~1.4 fold 
in the cerebellum. The level of total GSH, as a measure of 
reducing equivalents in the brain cells, is observed to be increased 
significantly in cerebral cortex, however, with a static pattern in 
cerebellum of the ALF rats. 

Effect of ALF on the antioxidant enzymes. In mammalian 
cells, O2' is neutralized/metabolized by the synchronized 
activities of SOD and catalase and/or by SOD and GPx. As 
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Figure 2. GS and GA get activated in cerebral cortex and 
cerebellum of the ALF rats. Activity profiles of GS (A) and GA (B) 

from control and ALF rats. The values represent mean ± SD where n = 4 
*p<0.05 (control vs ALF rats). 
doi:10.1371/journal.pone.0095855.g002 
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Figure 3. SOD activity shows differential pattern in cerebral 
cortex and cerebellum of the ALF rats. A represents SOD activity 
measured in cell free extracts; values are mean ± SD where n = 4 and 
each experiment done tw/ice. In case of B, pooled tissue extracts from 4 
rats containing 60 |j,g protein in each lane was electrophoresed on 12% 
non-denaturing PAGE followed by substrate specific development of 
SOD bands. The gel photograph in B is a representative of 4 PAGE 
repeats. In panel C, relative densitometric values of SOD band from 
experimental group, as % of the control lane, have been presented as 
mean ± SD from 4 PAGE repeats. *p<0.05; **p<0.01, ***p<0.001 
(control vs ALF rats). 
doi:1 0.1 371 /journal.pone.0095855.g003 



compared to the control group rats, the ALF rats showed 
significantly (p<0.05) increased level of active SOD in the cortex 
but a significant decline (p<0.001) in the cerebellum (Fig-3A). The 
intensity of SOD bands in gel also followed a similar trend in the 
cortex and cerebellum of the ALF rats (Fig-3B, C). 

According to Figs-4 and -5, as compared to the control rats, 
catalase and GPx activities are found to be decreased significantly 
in both, the cerebral cortex and the cerebellum (Figs- 4A and 5A). 
Moreover, as compared to the cerebral cortex (p<0.05), cerebel- 
lum showed greater decline (p<0.01) in activities of both these 
enzymes. The intensity of catalase and all the four GPx bands in 
gel also showed similar declining trends in case of the ALF rats 
(Figs-4B, C and 5B, C). Contrary to this, in comparison to the 
control rats, GR activity (Fig-6A) and intensity of the GR bands 
(Fig-6B, C) remained unchanged in both the brain regions of the 
ALF rats. 
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Figure 4. Level of active catalase declines in cerebral cortex 
and cerebellum of the ALF rats. Catalase activity measured in cell 
free extract (A) and non-denaturing PAGE pattern of active catalase (B 
and C). The technical details are same as described in Fig. 3 except 8% 
PAGE was used in case of B. *p<0.05; ♦♦p<0.01 (control vs ALF rats). 
doi:10.1371/journal.pone.0095855.g004 



Discussion 

Our previous report, that acute hyperammonemia in rats 
(without ALF) induces oxidative stress in cerebral cortex and 
cerebellum [7], led us to investigate the status of ammonia 
metabolism vis a vis oxidative stress in cerebral cortex and 
cerebellum of the ALF rats. 

For understanding the pathogenesis of HE, the TAA induced 
ALF model has received much emphasis and acceptability by the 
International Society on Hepatic Encephalopathy and Nitrogen 
metabolism (ISHEN) because, it produces a condition of liver 
failure similar to that found in the cirrhotic patients. TAA is a 
selective hepatotoxin that causes hepatic cell necrosis and thereby 
produces liver dysfunction in a dose dependent manner [16,17]. 
Therefore, based on the pilot experiments data, we used two doses 
of 300 mg TAA/Kg b.w and as reported earlier [17], performed 
conventional liver function tests (LFT) and histopathological 
studies to characterize ALF in those rats. 

DifiFerential pattern of LDH isozymes in the serum serves as a 
marker for the in vivo tissue damage. Liver expresses mainly M- 
subunit dominating LDH isozymes [17,24]. Out of them, the 
enhanced serum levels of M3H and M2H2 have been reported to 
be closely associated with the TAA induced liver damage in the 
rats [17]. In the present context also, these two LDH isozymes are 
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Figure 5. Level of active GPx declines in cerebral cortex and 
cerebellum of the ALF rats. GPx activity measured in cell free extract 
(A) and non-denaturing PAGE pattern of active GPx (B and C). The 
technical details are same as described in Fig. 3 except 10% PAGE was 
used in case of B. ♦p<0.05; **p<0.01 (control vs ALF rats). 
doi:1 0.1 371 /journal.pone.0095855.g005 

found to be increased significantly in the serum of the 
experimental rats (Fig. IB) and thus indicating mainly liver 
damage in the TAA treated rats. Apparentiy no change in the 
serum levels of heart specific H-subunit dominating MH3-LDH 
(Fig- IB) provides further support to this argument. Moreover, 
increased levels of sGOT and sGPT are considered as standard 
LFT markers to determine the degree of liver dysfunction in the 
patients. We observed ~ 14-fold increase in sGOT and ~ 3-fold 
increase in sGPT levels in case of the TAA treated rats (Table 1). 
Since these values are close to the sGOT and sGPT levels reported 
in case of the fulminate hepatic rats induced by a similar dose of 
TAA [16,25], these rats were considered to represent a true ALF 
model. A greater extent of hepatocytes necrosis seen in the liver 
sections from the TAA treated rats (Fig- lA) also supported this 
conclusion. Similar histopathological changes have also been 
found associated with the acute type HE in the rats due to TAA 
treatment [16,25]. Furthermore, ~ 5-fold increase in serum 
ammonia concentration in the TAA-group rats (Table 1) corre- 
lates well with a similar HA condition reported for the ALF rats 



[16,25]. Taking together, data in Fig-1 and Table- 1 clearly 
suggested induction of ALF with the acute type HA condition in 
these rats and thus, they were considered suitable to discern 
neurochemical inferences with respect to the acute type HE. 

Ammonia easily crosses the blood brain barrier [26] and 
therefore, extent of the ammonia induced neuronal derangements 
has a direct bearing on status of the ammonia metabolism in the 
brain. As reviewed previously [4], in the brain, ammonia is 
metabolized mainly by the synchronized activities of astrocytic GS 
and neuronal GA. The GS catalyzes incorporation of ammonia 
into glutamate to synthesize glutamine in the astrocytes. Astrocytic 
glutamine is then transported to the pre-synaptic neurons where it 
is deaminated by GA to produce an excitatory neurotransmitter 
glutamate [10]. Thus, profiles of GS and GA vs glutamate- 
glutamine cycle become critical in imposing ammonia induced 
neurological complications during ALF/acute HA condition [27]. 
There is a general agreement that acute FIA causes enhanced 
glutamate production and in turn glutamate excitotoxicity in the 
post-synaptic neurons [3]. However, reports are limited and also 
inconsistent on the profiles of the enzymes responsible to maintain 
high glutamate turnover in the brain during acute HA/HE. Some 
findings on in vitro and in vivo HA models have suggested that acute 
HA causes decline in both, the GS activity and the astrocytic 
glutamate transporters resulting into enhanced glutamate level in 
the brain [4]. There is a report on the increased GA activity in 
brain of the rats with portacaval anastomosis [13]. Also, neuro- 
pathogenesis of ammonia has been reported to show differential 
pattern in different brain regions [3,7,16,17]. Since, cerebral 
cortex and cerebellum are considered to be affected more during 
HA [28] and both these brain regions have been shown to respond 
dififerently with respect to certain HA induced neurochemical 
changes [7] , we attempted to study the profiles of GS and GA vs 
ammonia and glutamate levels concordantly in both these brain 
regions of the ALF rats. 

We observed a significant increase in blood ammonia level 
(Table- 1) but a static pattern of ammonia concentration in both, 
cereberal cortex and cerebellum of the ALF rats (Table-2). This 
suggested efficient metabolism of excess ammonia in both the 
brain regions of the ALF rats. The significant increases in GS and 
GA activities in these brain regions (Fig-2) provide support to this 
argument. Similarly, activation of glutamine-glutamate cycle, due 
to concordant increase in both these enzymes, could be held 
accountable for maintaining static level of glutamate observed in 
both the brain regions of the ALF rats (Table-2). Though these 
findings differ from some reports describing HA induced inhibition 
of GS activity and increased glutamate level in the brain [4] , in the 
present context, they provide an enzymatic mechanism to suggest 
efficient ammonia metabolism in cerebral cortex and cerebellum 
of the ALF rats. The brain cells exhibit a greater degree of 
metabolic plasticity during un-physiological challenges [29] 
including HA induced enzymatic changes for maintaining 
alternate energy substrates [30]. HA exposed brain shces have 
also been shown to modulate most of the antioxidant enzymes to 
protect the brain cells from oxidative damage [31]. Thus, it is 
likely that cerebral cortex and cerebellar cells protect themselves 
from ammonia neurotoxicity by activating GS-GA cycle during 
TAA induced ALF condition. 

It has been described that increased ammonia in the brain 
induces glutamate dependent N-methyl-D-aspartate receptor 
(NMDAR) activity which, in turn, may lead into enhanced ROS 
production in the brain cells [3]. Though we did not obsei-ve 
increase in ammonia and glutamate levels in cerebral cortex and 
cerebellum of the ALF rats, it was interesting to observe 
significandy increased levels of lipid peroxidation and protein 
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Table 1. Changes in LFT markers and ammonia in serum of the ALF rats. 





Parameters 


Control rats 


ALF rats 


sGOT (lU/L) 


550±27 


7500±31 ♦* 


sGPT (lU/L) 


1000 ±63 


3300±87 ** 


Ammonia (^imoi/mi) 


C.29±0.03 


1.45 ±0.04*** 



The data represents Mean ± S.D, where n = 4, **p<0.01, ***p<0.001 (control vs ALF group). 
doi:1 0.1 371 /journal.pone.0095855.t001 



carbonyl contents in both these brain regions of the ALF rats 
(Table-3). This hinted towards ALF induced oxidative damage in 
both the brain regions even when brain ammonia and glutamate 
levels are maintained within the normal range. 

There could be two mechanisms to explain this mismatch. First, 
it has been postulated that increased level of ammonia causes 
accumulation of glutamine in the astrocytes to produce Alzhei- 
mer's type II astrocytosis [3]. Since, we did not observe such 
cellular changes in the brain of ALF rats (unpublished result), it is 
speculated that the amount of ammonia reaching to the brain of 
these rats is not sufTicient enough to cause astrocytosis. It has been 
reported that such astrocytic changes are observed more during 
chronic HE than that of the acute type end stage HE [32]. 
Nonetheless, enhanced entry of ammonia in brain is known to 
increase glutamine concentration in the astrocytes and thereby, 
triggers ROS production in the brain cells [6,27]. A similar 
condition may exist in the present context also, where high influx 
of ammonia in the brain could initially enhance glutamine level in 
the astrocytes to get rid of high ammonia load and in turn, could 
provoke ROS production in these brain regions of the ALF rats. 

The second possibility could be the over activation of NMDAR 
at the post synaptic neurons during ALF [3] resulting into excess 
ROS production. There is a strong neurochemical basis to support 



this argument. A direct molecular link exists between NMDAR, 
post synaptic density protein-95 (PSD-95) and neuronal nitric 
oxide synthase (nNOS) to enhance nitric oxide (NO) production in 
the post synaptic neurons upon glutamate-NMDAR activation 
[33]. The NO produced so in the post synaptic neurons is known 
to increase ROS production by uncoupling mitochondrial 
oxidative phosphorylation in the brain cells [16,34]. Moreover, 
to make it happen, excess of glutamate is supposed to be 
maintained in the synapses [3,4,35]. In the present context, 
therefore, it may be argued that though glutamate level in cerebral 
cortex and cerebellum of the ALF rats remain static but due to the 
activation of GS-GA cycle, it is likely to be maintained for a longer 
duration resulting into sustained over activation of NMDAR in 
those brain regions. The argument gets support from the increased 
expressions of NR2A and NRl sub units of the NMDAR 
consistent with significantly increased levels of nNOS and NO in 
the brain of the HA rats (unpublished data). 

Alternatively, irrespective of the nature of ROS inducer, the 
brain cells operate an effective system of antioxidant enzymes to 
regulate ROS metabolism [8]. In the present context, therefore, 
we studied the profde of the main antioxidant enzymes vis a vis 
oxidative stress markers in the cortex and cerebellum of the ALF 
rats. Brain is structurally rich in polyunsaturated fatty acids and 



Table 2. Levels of ammonia and glutamate in cerebral cortex and cerebellum of the control and ALF rats. 





Brain region 


Biochemical parameters 


Control rats 


ALF rats 


Cerebral Cortex 


Ammonia (mM/g) 


1.21 ±0.07 


1.10±0.05 




Glutamate (nM/g) 


2.67±0.09 


2.79±0.10 


Cerebellum 


Ammonia (mM/g) 


1.45±0.012 


1.32±0.07 




Glutamate (|iM/g) 


2.55±0.05 


2.89 ±0.08 



The data represents Mean ± S.D, where n = 4. 
doi:l 0.1 371/journal.pone.0095855.t002 



Table 3. Changes in the levels of oxidative stress markers in cerebral cortex and cerebellum of the ALF rats. 



Brain region Biochemical parameters Control rats ALF rats 



Cerebral Cortex 


Lipid peroxidation (MDA nmol/g) 


55.60 ±3.08 


96.80±4.73** 




Protein carbonyl content (^mol/g) 


48.63 ±4.55 


82.18±4.63** 




Total glutathione (GSH+GSSG) (nmol/mg protein) 


14.89±1.1 


18.21 ±1.56* 


Cerebellum 


Lipid peroxidation (MDA nmol/g) 


63.96±3.05 


88.48±2.12* 




Protein carbonyl content (^imol/g) 


49.55±5.92 


65.51 ±5.1 3* 




Total glutathione (GSH+GSSG) 
(nmol/mg protein) 


12.38±1.12 


14.82±1.67 



The data presents Mean ± S.D, where n = 4, *p<0.05, **p<0.01, (control vs ALF group). 
doi:l 0.1 371 /journal.pone.0095855.t003 
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Figure 6. ALF did not induce alterations in the active level of 
GR in cerebral cortex and cerebellum. GR activity measured in cell 
free extract (A) and non-denaturing PAGE pattern of active GR (B and C). 
The technical details are same as described in Fig. 5. 
doi:10.1371/journal.pone.0095855.g006 



has high oxygen demand. This makes it the most vulnerable organ 
to undergo oxidative damage during un-physiological challenges. 
Therefore, MDA level, the first stable product of lipid peroxida- 
tion, and the protein carbonyl contents, resulting from the ROS 
mediated protein oxidation; serve as immediate indicators for the 
oxidative damage produced by ROS in the brain cells [15]. We 
observed significant increase in the levels of both these oxidative 
markers in cerebral cortex and cerebellum of the ALF rats (Table- 
3). Such a condition might indicate for diminished antioxidant 
mechanisms to counterbalance deleterious effects of ROS in brain 
of the ALF rats. Indeed, it was found to be true in light of 
significant and concordant decline in the levels of all the 
antioxidant enzymes in cerebral cortex and cerebellum of the 
ALF rats (Fig-3, 4, and 5). 

SOD is the committed enzyme of the antioxidant pathway and 
catalyzes dismutation of O2'" to produce H2O2 and Og. H2O2 is 
then metabolized by either catalase and/or GPx to prevent ROS 
induced cellular/molecular damage [36]. Interestingly, SOD level 
showed an increase in cerebral cortex but with a significant decline 
in cerebellum of the ALF rats (Fig-3). Since, the pattern 
corroborated well with a similar type of differential SOD levels 
observed in case of the fulminate hepatic rats [16] and that it has 
re-affirmed our earlier report describing opposite trend of SOD 
changes in cerebral cortex and cerebellum of the rats with a milder 



level of ammonia in brain [7] , it is argued that both these brain 
regions respond differentially with respect to the changes in the 
antioxidant enzymes during hyperammonemic exposure. More- 
over, significant decline in the levels of catalase and GPx, the two 
H2O2 degrading enzymes in both the brain regions of the ALF rats 
(Fig. 4, 5), provide important metabolic relevance for the 
difiFerential pattern shown by SOD. The increased levels of both, 
the O2'" and H2O2, are considered equally effective to cause 
oxidative damage at cellular level [15]. In case of cerebral cortex, 
the combination of increased SOD and declined catalase and Gpx 
levels may lead into accumulation of H2O2 in this brain region of 
the ALF rats. Similarly, the combination of declined SOD-catalase 
and GPx activity is likely to increase the O2" load in both the brain 
regions. This could be the reason for observing significandy 
increased levels of lipid peroxidation and carbonylated protein 
(Table-3) in these brain regions of the ALF rats. This explanation 
gets support from a recent report from our lab describing the 
importance of concordant changes in the antioxidant enzymes to 
normalize oxidative stress in the brain slices exposed with even 
moderate level ammonia [31]. 

To verify further the role of brain antioxidant mechanisms in 
inducing oxidative stress during ALF, regulation of GSH turnover 
was also monitored. GSH is a tripeptide that plays important roles 
in maintaining reducing equivalents in the cells facing oxidative 
challenges [37]. In mammalian cells, the turnover of GSH is 
mainly regulated by the synchronized activities of GPx (GSH 
utilizing enzyme) and GR (GSH recycling enzyme). In cerebellum 
of the ALF rats, we observed significantly decreased level of GPx 
(Fig. 5) but no change in GR activity (Figs. 6). Such a pattern of 
GPx vs GR is thus, likely to prevent GSH depletion in this brain 
region. Indeed, endogenous level of GSH was found to be stable in 
cerebellum of the ALF rats (Table-3). Moreover, cerebral cortex 
also showed GPx-GR profile similar to that of the cerebellum (Fig- 
6) but significantly increased level of GSH (Table-3). Such a 
mismatch could arise due to GSH supply from the additional 
biochemical routes in this brain region. The HA induced increased 
activity of gamma glutamyl-cystein synthetase, a GSH producing 
enzyme, could be one of the alternatives in the present context, as 
this mechanism has been attributed to produce extra GSH in the 
brain cells exposed with the hyperammonemia [38]. 

Taking together, it is evident that though cerebral cortex and 
cerebellum enzymaticaUy adapt to resist GSH depletion, yet they 
become vulnerable to oxidative damage during ALF condition 
mainly due to decline in SOD-catalase/GPx activity. 

In conclusion, it is evident that GS-GA cycle gets activated in 
cerebral cortex and cerebellum of the ALF rats resulting into 
efficient ammonia metabolism and increased glutamate turnover 
in these brain regions. This suggests activation of a biochemical 
mechanism to prevent ammonia accumulation in the brain during 
ALF. Moreover, ALF induced oxidative damage in both these 
brain regions could not be prevented mainly due to concordant 
decline in the levels of all the antioxidant enzymes. Thus, though a 
direct correlation between glutamate level and oxidative stress 
could not be estabhshed, oxidative stress, as an independent factor, 
is evident to play important roles in the pathogenesis of acute type 
HE. As such this paper provides a biochemical basis to target 
antioxidant mechanisms for therapeutic management of HE. 

Acknowledgments 

The instrumental facility proxdded by the DST FIST and UGC-GAS 
Program to the Department of Zoology and award of CSIR SRF to PM 
are acknowledged. 



PLOS ONE I www.plosone.org 



8 



April 2014 I Volume 9 | Issue 4 | e95855 



Ammonia and ROS Metabolism in Brain of ALF Rats 



Author Contributions 

Conceived and designed the experiments: SS SKT. Performed the 
experiments: SS. Analyzed the data: SS PM SKT. Contributed 



reagenis/materials/analysis tools: SKT. Wrote the paper: SS PM SKT. 
Revised the manuscript: SS PM SKT. 



References 

1. Ferenci P, Lockwood A, Mullen K, Tarter R, Wcisscnborn K, ct al. (2002) 
Hepatic encephalopathy - definition, nomenclature, diagnosis, and quantifica- 
tion: final report of the working party at the 11th World Congresses of 
Gastroenterology, Vienna, 1998. Hepatology 35: 716-721. 

2. Albrecht J, Zielinska M, Norenberg MD (2010) Glutamine as a mediator of 
ammonia neurotoxicity: A critical appraisal. Biochcm Pliarmacol 80: 1303— 
1308. 

3. Fclipo V, Buttcrworth RF (2002) Ncurobiolo^t^' of ammonia. Prog Ncurobiol 67: 
259-279. 

4. FeUpo V (2009) Hyperammonemia, fn: Lajitha A, Banik N, Ray SK, editors. 
Handbook of neurochemistry and molecular neurobiology, brain and spinal 
cord trauma, 3"^ edn. Springer, Berlin, 43-69. 

5. Butterworth RF (2000) Comphcations of cirrhosis. III: hepatic encephalopathy. 
J Hepatol 32: 171-180. 

6. Haussingcr D, Gorg B (2010) Interaction of oxidative stress, astrocyte swelling 
and cerebral ammonia toxicity. Curr Opin Clin Nutr Metab Cjire 13: 87—92. 

7. Singh S, Koiri RK, Trigim SK (2008) Acute and chronic hyperammonemia 
modulate antioxidant enzymes differently in cerebral cortex and cerebellum. 
Ncuroehcm Res 33: 103-113. 

8. Mates JM, Segura JA, Alonso FJ, Marquez J (2009) Natural antioxidants: 
therapeutic prospects for cancer and neurological diseases. Mini Rev Med Chem 
9: 1202-1214. 

9. Brusilow SW, Koehler RC, Traystman RJ, Cooper AJL (2010) Astrocyte 
glutamine synthetase: importance in hyperammoncmic syndromes and potential 
target for therapy. Neurotherapeutics 7: 452—470. 

10. Marquez J, Tosina M, de la Rosa V, Segura JA, Alonso FJ, et al. (2009) New 
insights into brain glutaminases: beyond their role on glutamatergic transmis- 
sion. Neuroehem Int 55: 64-70. 

11. Prakash R, Mullen KD (2010) Mechanism, diagnosis and management of 
hepatic encephalopathy. Gastroenterol Hepatol 7: 515-525. 

12. Suarez I, Bodega G, Fernandez B (2002) Glutamine synthetase in brain: effect of 
ammonia. Neuroehem Int 4: 123—142. 

13. Romero-Gomez M, Jover M, Diaz-Gomez D, dc Teran LC, Rodrigo R, et al. 

(2006) Phosphate-activated glutaminase activity is enhanced in brain, intestine 
and kidneys of rats following portacaval anastomosis. World J (lastroenterol 12: 
2406-2411. 

14. Gorg B, Q\'artskhava N, Bidmon HJ, Palomcro-Gallagher N, Kircheis G, et al. 
(2010) Oxidative stress markers in the brain of patients with cirrhosis and hepatic 
encephalopathy. Hepatology 52: 256-265. 

15. Halliwell B (2006) Oxidative stress and neurodegeneration: where are we now? 
J Neuroehem 97: 1634-1658. 

16. Sathyasaikumar KV, Swapna I, Reddy PV, Murthy ChR, Dutta Gupta A, et al. 

(2007) Fulminant hepatic failure in rats induces oxidative stress differentially in 
cerebral cortex, cerebellum and pons medulla. Neuroehem Res 32: 517-524. 

17. Singh S, I'rigun SK (2010) Aeti\'ation of neuronal nitric oxide synthase in 
cerebellum of chronic hepatic encephalopathy rats is associated with up- 
regulalion of NAD PH -producing pathway. Cerebellum 9: 384—397. 

18. SedlakJ, Raymond HL (1968) Estimation of total thiol, protein bound, and non 
protein sullhvdrvl groups in tissue with EUman's reagent. Anal Biochcm 25: 
192-205. 

19. Siqueira IR, Foehesatto C, de Andrade A, Santos M, Hagen M, et al. (2005) 
Total antioxidant capacity is impaired in different structures from aged rat brain. 
Int J Dev Neurosci 23: 663-671. 



20. Shankar RA, Anderson PM (1985) Purification and properties of glutamine 
synthetase from liver of Squalus acanthias. Arch Biochem Biophys 239: 248- 
259. 

21. JeonJ, Lee H, SoJ (2009) Glutaminase activity of Lactobacillus rewter? KCTC3594 
and expression of the activity in other Lactobacillus spp. by introduction of the 
glutaminase gene. AfriJ Microbiol Res 3: 605-609. 

22. Hou WC, liang HJ, Wang GC, liu DZ (2004) Detection of glutatiiione 
reductase after electrophoresis on native or sodirun dodccyl sulfate polyacryl- 
amide gels. Electrophoresis 25: 2926-2931. 

23. Butterwortii RF, Norenberg MD, Felipo V, Ferenci P, Albrecht J, et al. (2009) 
Experimental models of hepatic encephalopathy: ISHEN guidelines. Liver Int 
29: 783-788. 

24. Koiri RK, Trigiin SK, Mishra L, Pandey K, Dixit D, et al. (2009) Regression of 
Dalton's lymphoma in vivo via decline in lactate dehydrogenase and induction 
of apoptosis by a rutheniumfll)- complex containing 4-carboxy-N-ethylbenza- 
mide as ligand. Invest New Drugs 27: 503-516. 

25. Shapiro H, Ashkcnazi M, Weizmann N, Shahmurov M, Aeed H, et al. (2006) 
Curcumin ameliorates acute thioacetamide-induced hepatotoxicity. 
J Gastroenterol Hepatol 21: 358-366. 

26. Skowronska M, i\lbrecht J (2012) Alterations of blood brain barrier fixnction in 
hyperammonemia. Neurotox Res 21: 236—244. 

27. Haussingcr D, Sehliess F (2008) Pathogenetic mechanisms of hepatic 
encephalopathy. Gut 57: 1156-1165. 

28. Rodrigo R, Fehpo V (2006) Brain regional alterations in the modulation of the 
glutamate-nitric oxide-cGMP pathway in hver cirrhosis: role of hyperammone- 
mia and cell types involved. Neuroehem Int 48: 472-477. 

29. Magistratti PJ (2003) Brain energy metabolism. In: Spire LR, editor. 
Fundamental neuroscience, 2"** edn. Elsevier, New York, 339—360. 

30. Mehrotra A, Trigun SK (2013) Moderate grade hyperammonemia activates 
lactate dehydrogenase-4 and 6-phosphofructo-2-kinase to support increased 
lactate turnover in the brain slices. Mol Cell Biochcm 381: 157-161. 

31. Mehrotra A, Trigun SK (2012) Moderate grade hyperammonemia induced 
concordant activation of antioxidant enzymes is associated with prevention of 
oxidative stress in the brain sHces. Neuroehem Res 37: 171—181. 

32. Kato M, Hughes RD, Keays RT, Williams R (1992) Electron microscopic study 
of brain capillaries in cerebral edema from fiUminant hepatic failure. Hepatology 
15: 1060-1066. 

33. Alderton WK, Cooper CE, Knowles RG (2001) Nitric oxide synthases: 

structure, function and inhibition. Biochcm J 357: 593—615. 

34. Rao VL, Audet RM, Butterworth RF (1995) Increased nitric oxide synthase 
activities and L-['^HJ arginine uptake in brain following portacaval anastomosis. 
J Neuroehem 65: 677-681. 

35. Dingledine R, Mcbain CJ (1999) Glutamate and aspartate. In: Seigel MD, 
editor. Basic neurochemistry: molecular, cellular and medical aspects. 
Lippincott-Raven publisher, Philadelphia-New York, 315—346. 

36. Mates JM (2000) Effects of antioxidant enzymes in the molecular control of 
reactive oxygen species toxicology. Toxicology 153: 83-104. 

37. Dickinson DA, Forman HJ (2002) Cellular glutathione and thiol metabolism. 
Biochem Pharmacol 64: 1019-1026. 

38. Murlhy ChRK, Bender AS, Dombro RS, Bai G, Norenberg MD (2000) 
Elexaiion fit glutathione levels by ammonium ions in primary cultures of rat 
astrocytes. Neuroehem Int 37: 255-268. 



PLCS ONE I www.plosone.org 



9 



April 2014 | Volume 9 | Issue 4 | e95855 



